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D
espite aggressive management with surgery, chemotherapy, and radiation at the time of diagnosis, and continued aggressive treatment with surgery and novel chemotherapy regimens at recurrence, the prognosis for glioblastoma, although improved compared with less than a decade earlier, 77 remains poor at just shy of 2 years. 21 Conventional DNA-damaging chemotherapies may exhibit limited duration of efficacy due to the emergence of mutations promoting drug resistance. 57 The highly vascular nature of glioblastomas makes them a prime target for treatment with antiangiogenic agents such as the humanized anti-vascular endothelial growth factor (VEGF) antibody bevacizumab (Avastin), which inhibits angiogenesis by neutralizing VEGF-A and prevents its interaction with VEGF receptors VEGFR1 and VEGFR2. 58 In this paper we review the preclinical evidence that led to the use of bevacizumab in glioblastoma, clinical trial results with bevacizumab and other antiangiogenic therapies for glioblastoma, the current scientific understanding of the tumor response to bevacizumab treatment, current clinical indications of bevacizumab for glioblastoma based on existing data, and future studies that will need to be undertaken to enable this drug to fulfill its therapeutic promise for glioblastoma.
Methods
An initial broad search on bevacizumab therapy in glioblastoma was performed. In this search, the phrase "bevacizumab and glioblastoma" was used as a search term in PubMed and Web of Science for all years up to 2014, and articles containing these terms were sorted based on relevance, most cited, and newest publication date. This search returned multiple articles, providing a general overview of the most current and pivotal studies in the literature to date on bevacizumab treatment in glioblastoma. Subsequently, a systematic search was performed. The phrases "(phase I-III) and bevacizumab and glioblastoma," "recurrent and bevacizumab and glioblastoma," "newly diagnosed and bevacizumab and glioblastoma," and "safety and bevacizumab and glioblastoma" were used as search terms in PubMed and Web of Science for all years up to 2014 to identify all prospective trials Bevacizumab for glioblastoma: current indications, surgical implications, and future directions Brandyn a. Castro, B.a., and Manish K. aghi, M.d., Ph.d.
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Initial enthusiasm after promising Phase II trials for treating recurrent glioblastomas with the antiangiogenic drug bevacizumab-a neutralizing antibody targeting vascular endothelial growth factor-was tempered by recent Phase III trials showing no efficacy for treating newly diagnosed glioblastomas. As a result, there is uncertainty about the appropriate indications for the use of bevacizumab in glioblastoma treatment. There are also concerns about the effects of bevacizumab on wound healing that neurosurgeons must be aware of. In addition, biochemical evidence suggests a percentage of tumors treated with bevacizumab for an extended period of time will undergo transformation into a more biologically aggressive and invasive phenotype with a particularly poor prognosis. Despite these concerns, there remain numerous examples of radiological and clinical improvement after bevacizumab treatment, particularly in patients with recurrent glioblastoma with limited therapeutic options. In this paper, the authors review clinical results with bevacizumab for glioblastoma treatment to date, ongoing trials designed to address unanswered questions, current clinical indications based on existing data, neurosurgical implications of bevacizumab use in patients with glioblastoma, the current scientific understanding of the tumor response to short-and long-term bevacizumab treatment, and future studies that will need to be undertaken to enable this treatment to fulfill its therapeutic promise for glioblastoma. of bevacizumab monotherapy and combination therapy in glioblastoma to date. References of systematic reviews were assessed for additional key information including ongoing bevacizumab trials and unpublished preliminary studies presented at recent conferences around the world. The inclusion criteria used for this review were prospective Phase I-III trials using bevacizumab as therapy at the time of diagnosis or at recurrence in patients with glioblastoma. Trials examining the use of bevacizumab in unresectable tumors were also included. Articles excluded from this study were case series and articles written in languages other than English. A total of 90 articles were included in this review.
Bevacizumab for Glioblastoma: Preclinical Evidence
With tumoral VEGF-A levels approximately 30-fold higher in patients with glioblastoma compared with lower-grade astrocytomas, VEGF is recognized as a particularly important factor in the vascularity of glioblastomas. 61 Tumor cells serve as the major source of VEGF while tumor-associated stroma has also been determined to be a notable site of VEGF production. 29 The expression of VEGF in glioblastomas is associated with a poor prognosis and has been shown to contribute to their treatment refractoriness. 29, 47, 80 It was first shown as far back as 1993 that a monoclonal antibody specific to VEGF suppressed the growth of many human tumor lines including glioblastoma in athymic mice, emphasizing that VEGF is an important mediator of tumor angiogenesis in glioblastoma. 47, 69 Similarly, VEGF-A specific inactivation through the introduction of inhibitory RNA into tumor cells was shown in 1996 to inhibit glioblastoma angiogenicity and tumorigenicity. 18 This study provided additional valuable evidence that VEGF plays a critical role in the pathogenesis of glioblastomas in vivo and targeting it may provide therapeutic benefit in patients by suppressing tumor angiogenesis. 18 The murine antibody to VEGF used in the initial in vivo studies, A.4.6.1, was "humanized" by Presta and colleagues in 1997, resulting in the drug bevacizumab. 66 Phase I safety and pharmacokinetic testing in 2001 determined that bevacizumab had a low toxicity profile, did not induce antibodies to itself, and had a terminal elimination half-life of approximately 21 days. 40 
Bevacizumab for Recurrent Glioblastoma:
Results to Date
In 1997, 8 years after their scientists discovered VEGF, Genentech began testing bevacizumab in patients with cancer. Bevacizumab was shown to provide therapeutic and survival benefit in rectal cell cancer and metastatic renal cancer, 85, 86, 89 but safety concerns about the risk of stroke and intracerebral hemorrhage had led investigators to delay studying bevacizumab for glioblastoma. In 2004, at a time when bevacizumab was only approved for the treatment of colon cancer, the spouse of a patient with glioblastoma in Texas conducted some research and uncovered much of the preclinical evidence described above suggesting increased VEGF production by glioblastoma. This spouse asked his wife's oncologist, Dr. Virginia Stark-Vance, a private practitioner, to prescribe the drug for his wife. 48 Dr. StarkVance agreed to do so in combination with the topoisomerase inhibitor irinotecan, as long as the patient received the drug as an inpatient so that she could be closely monitored for intracranial hemorrhage. A successful radiological response led Dr. Stark-Vance to later treat 21 patients with high-grade glioma using bevacizumab in addition to irinotecan in a Phase I trial, the first study to confirm the safety of bevacizumab treatment for recurrent glioblastoma. Results of this trial were presented at the 2005 meeting of the European Association of Neuro-Oncology. 75 In addition to fulfilling its primary goal of demonstrating the safety of bevacizumab treatment for glioblastoma, this study also showed a promising response rate of 43% in the small series of 21 patients (including 11 glioblastomas and 10 anaplastic astrocytomas) treated in this trial. 75 This study paved the way for the first Phase II trials examining the efficacy of this bevacizumab-irinotecan combination in recurrent glioblastoma treatment. Results published in 2007 showed improved 6-month progression-free survival (PFS) of 30%-46%, 79 ,80 compared with rates in historic controls of 9%-21% (Table 1) . 4, 42, 53, 84, 90 Studies that soon followed, whose results were published in 2009 (Table 1) , examined the use of bevacizumab as monotherapy for tumor recurrence, yielding promising results in Phase II trials, with 6-month PFS of 29%-43% and overall response rate of 28%, 33, 49, 60 values far exceeding the rates using historical glioblastoma treatments such as radiation therapy and other chemotherapeutic regimens of 9%-21% and 4%-9% (p = 0.017), respectively. 4, 42, 53, 84, 90 Patients exhibited a radiological response rate of 71% based on Levin criteria and 35% based on Macdonald criteria. 49 On May 6, 2009, based on the results of these Phase II clinical trials showing efficacy of bevacizumab as monotherapy for recurrent glioblastomas, 33, 49 it was granted accelerated FDA approval for recurrent glioblastoma, making bevacizumab the third FDA-approved treatment for glioblastoma in nearly 4 decades after implantable carmustine wafers and temozolomide. Unlike those 2 agents, the approval of bevacizumab was designated as accelerated because it was approved without the completion of a randomized Phase III trial.
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Bevacizumab in Combination With Other Agents for Recurrent Glioblastoma
Many believe that while the multiple targets of VEGFR inhibitors render them effective as monotherapy, VEGF-targeted treatments such as bevacizumab will be most effective in combination with other agents.
The topoisomerase I inhibitor irinotecan does not exert a strong antitumoral effect as monotherapy in patients with glioblastoma, with response rates of 0%-17%, 16, 23, 32, 65 similar to rates of other glioblastoma-targeting chemotherapeutic agents at the time the study was published. Concurrent use of irinotecan with bevacizumab in the above Phase II trials has shown increased 6-month PFS (38%-50.3%) * Median PFS and median overall survival that were reported in weeks were standardized to months using the following formula: weeks/52 × 12. BV = bevacizumab; CCNU = lomustine; NR = not reported; RT = radiation therapy; TMZ = temozolomide. † Enrollment and treatment in this study were limited to 4 months, limiting the ability to generate statistically accurate assessment of overall survival. Median survival from treatment initiation to death is listed.
and 6-month overall survival (72%-77%). 33, 79, 80 Theories of explanation for this synergistic effect involve increased uptake of irinotecan into the CNS secondary to bevacizumab and/or the ability of irinotecan to target differentiated tumor cells while bevacizumab targets glioma stem cells. 5 Progression-free survival was 29% with bevacizumab monotherapy at recurrence compared with 46% with bevacizumab plus irinotecan combination therapy. 49, 80 The Macdonald criteria yielded response rates of 35% for bevacizumab monotherapy and 57% for dual therapy, 49, 80 suggesting a benefit to the addition of irinotecan. The addition of temozolomide to bevacizumab treatment at recurrence in 32 patients yielded less promising results than bevacizumab monotherapy and bevacizumab plus irinotecan: 6-month PFS of 18.8%, median PFS of 15.8 weeks, 6-month overall survival of 62.5%, and median overall survival of 37 weeks. 28 Sorafenib, an inhibitor of tyrosine protein kinases VEGFR, platelet-derived growth factor receptor (PDGFR), and Raf kinase, was shown to exhibit antitumoral effects in gliomas in preclinical studies. 73 As a single agent, however, it has only modest activity, so it was used in combination with bevacizumab to generate a stronger mechanism of inhibition of the VEGF/VEGFR axis. 59 The addition of sorafenib did not significantly improve outcomes such as 6-month PFS (17%-26% compared with 18% with bevacizumab monotherapy or historic controls), potentially because of its limited ability to penetrate the blood-brain barrier. 31, 34 Sorafenib is not currently recommended as an option for combination therapy with bevacizumab.
The addition of carboplatin, carmustine, lomustine, fotemustine, erlotinib, and etoposide to bevacizumab in recurrent glioblastoma treatment has provided minimal added benefit while contributing to potential side effects.
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Bevacizumab for Newly Diagnosed Glioblastoma:
The logical next step in determining the full therapeutic spectrum of bevacizumab in patients with glioblastoma, once it was determined that there was a benefit at tumor recurrence, was to test the drug earlier in the course of the disease. Phase II trials using the drug at the time of diagnosis, in addition to the standard Stupp protocol, resulted in minimal to no additional benefit to median overall survival: 19.6-23 months 51, 61 with bevacizumab plus the Stupp protocol compared to 14.6-21.1 months 51,76 using the Stupp protocol alone (Table 1) . These studies did, however, show a benefit of bevacizumab at diagnosis when observing median PFS of 13-13.6 months, 51 ,61 compared with 6.9 months with the standard Stupp protocol alone. 76 This benefit is further supported with the observed 6-month PFS rate of 85%-88%, 51 ,61 a value far exceeding the 53.9% noted with the standard Stupp protocol. 77 These Phase II trials using bevacizumab at diagnosis were initially promising, with beneficial results in 6-month PFS and median PFS, but there was no significant improvement in overall survival in these patients.
These findings were further corroborated in two Phase III trials, the Avastin in Glioblastoma (AVAglio) trial and the Radiation Therapy Oncology Group (RTOG) 0825 trial ( Table 1 ). The AVAglio Phase III trial resulted in improved median PFS with bevacizumab, i.e., 10.6 months compared with 6.2 months with placebo (p < 0.001). 19 Overall survival was higher in the bevacizumab group 1 year after initiation of treatment (72.4% vs 66.3%, respectively; p < 0.049), but this difference faded at 2 years (33.9% vs 30.1%, respectively; p = 0.24). Median overall survival was 16.8 months in the bevacizumab group compared with 16.7 months in the placebo group (p = 0.10). 19 The RTOG 0825 Phase III trial noted a similar trend. The addition of bevacizumab resulted in an increase in median PFS to 10.7 months compared with 7.3 months in the placebo group (p = 0.007). 36 There was no significant difference in median overall survival observed with the addition of bevacizumab, i.e., 15.7 months compared with 16.1 months with placebo (p = 0.21). 36 These Phase III trials confirmed the trend noted in Phase II trials that using bevacizumab at the time of diagnosis has a favorable PFS outcome but fails to show benefits in overall survival.
The addition of bevacizumab to the Stupp protocol at diagnosis improved baseline quality of life and performance measures. Karnofsky Performance Scale scores remained above 70 for 9 months in the bevacizumab group and 6 months in the placebo group. 19 Performance status was maintained in the bevacizumab group for a median of 9 months compared with 5.5 months in the placebo group (p < 0.001). Time to clinical deterioration was 14.2 months in the bevacizumab group, significantly longer than 11.8 months with placebo (p = 0.02). Patients receiving bevacizumab did have a lower glucocorticoid requirement. 19 In summary, although the addition of bevacizumab to the standard treatment protocol at the time of glioblastoma diagnosis showed promising results in PFS and some clinical outcome measures, overall survival remained unchanged, verifying the limited additional benefit to bevacizumab use earlier in the course of the disease.
Beyond Bevacizumab: Other Antiangiogenic Therapies for Glioblastoma
Antiangiogenic agents other than bevacizumab have also been studied in the treatment of recurrent glioblastoma. Bevacizumab targets VEGF-A, without any neutralizing effects on other members of the VEGF gene family including VEGF-B, -C, or -D. 62 Aflibercept, or VEGF Trap, is a recombinantly produced fusion protein that contains regions from the extracellular domains of VEGF receptors, which will bind to and neutralize isomers of VEGF-A, VEGF-B, and placental growth factor, another angiogenic factor. Aflibercept prevents VEGF from initiating proliferation and migration of vascular endothelial cells. 26 A Phase II study indicated minimal evidence of single-agent activity with moderate toxicity in recurrent glioblastoma, with median PFS of 2.8 months and median overall survival of 9 months. 26 Numerous receptor tyrosine kinase inhibitors (RTKIs) can exert antiangiogenic agents by targeting the VEGF receptors. These agents are believed to be more effective than bevacizumab as monotherapy due to their ability to target other receptor tyrosine kinases outside of the VEGF pathway. The most frequently studied antiangiogenic RTKI in glioblastoma is cediranib, an oral agent targeting all 3 VEGF receptors (1, 2, and 3) as well as PDGFR and ckit. 8, 81 Phase II trials of cediranib in recurrent glioblastoma resulted in a median PFS of 3.8 months and median overall survival of 7.5 months, 6 values that exceed the values in historical controls of 1.8-2.1 months and 5-5.8 months, respectively. 4, 88 Advantages of cediranib over bevacizumab include oral bioavailability and a shorter half-life of 22 hours compared with 21 days with bevacizumab, which allow for rapid clearance of the drug should toxicities arise. 6 Unfortunately, in a randomized Phase III trial, there were no differences in PFS between patients with recurrent glioblastoma receiving lomustine, cediranib, or the combination of lomustine plus cediranib. 7 Additional RTKIs with antiangiogenic effects that have been studied for glioblastoma include sorafenib, sunitinib, pazopanib, vandetanib, axitinib, and XL184. 72 Bevacizumab is sometimes used as salvage therapy for patients who progress on these RTKIs. 39, 72 While the overall efficacy of bevacizumab to treat glioblastoma is believed to be superior to these agents, side by side comparisons have not been made in clinical trials.
Management of Recurrent Glioblastoma: Surgery, Bevacizumab, or Both?
A common decision that patients and providers have to make in the setting of recurrent glioblastoma is the choice between surgery, bevacizumab treatment, or surgery followed by bevacizumab treatment. Several studies have attempted to define the role of surgery in the management of recurrent glioblastoma. One study suggests no additional benefit of surgery at recurrence, indicating that PFS at 6 months and overall survival were comparable between groups with and without resection at the time of tumor progression. 22 Others argue that there is a survival benefit with surgery at progression, assuming a minimum extent of resection (EOR) is achieved. The first study to rigorously quantify EOR retrospectively analyzed 416 patients with glioblastoma, 183 recurrent and 233 newly diagnosed, to find a significant survival advantage in patients who received greater than 98% tumor volume resection versus less than 98%, with median survival of 13 months and 8.8 months, respectively (p = 0.0001), and no significant difference between the new versus recurrent or residual disease. 50 A more recent 2011 study defined the EOR threshold as being slightly lower, determining that significantly prolonged survival was noted in newly diagnosed patients with as little as 78% EOR, with an increase in survival benefit as EOR increases. 70 A year later, Bloch et al. opted for a more stratified approach to EOR because of the subjective nature of volumetric calculations. In that study, when 107 patients with recurrent glioblastoma were stratified into gross-total resection (> 95% tumor volume removal) versus subtotal resection (< 95% tumor volume removal), patients who received gross-total resection had a longer duration of survival (20 months vs 16.6 months, respectively; p = 0.01). 9 Obtaining gross-total resection at recurrence maximizes survival, regardless of initial EOR. 9, 22 To date, no study has investigated the cytoreductive interaction between surgery and postoperative bevacizumab. It remains unclear if the small amount of residual enhancing tumor after a successful surgery is the ideal candidate for bevacizumab treatment, or if the drug is better used to treat robustly enhancing solid masses that have not undergone surgery. We do know that the side effects of bevacizumab treatment can interact with the postsurgical state, particularly hypertension, thromboembolic events, impaired wound healing, and intracranial hemorrhage. To minimize adverse outcomes, patients with intracranial hemorrhage on imaging are not candidates for bevacizumab therapy. In one study of bevacizumab and irinotecan in recurrent glioblastomas, after patients with intracranial hemorrhage were excluded, no patient developed this complication after treatment was initiated. 79 Ensuring tight blood pressure control in all patients taking bevacizumab, by conservative or pharmacological means, is also important to decrease the risks of bevacizumab-induced hypertension and associated intracranial hemorrhage. Despite these risks, the numerous examples of bevacizumab responsiveness observed when the drug is used to treat postoperative residual glioblastoma justify the role of combining surgery with postoperative bevacizumab in recurrent glioblastoma treatment (Fig. 1) , as long as the providers closely monitor the patient for signs of recurrence during treatment using modern criteria for recurrence such as the Response Assessment in Neuro-Oncology (RANO) criteria.
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Bevacizumab for Unresectable Glioblastoma
All patients in the studies mentioned to this point underwent tumor resection as a prerequisite for inclusion in the studies. Patients with unresectable glioblastomas have a poor prognosis, with an average survival of 6-10 months, 54 and several studies have examined the role for bevacizumab treatment of unresectable glioblastoma. Neoadjuvant therapy with bevacizumab plus temozolomide in patients with unresectable glioblastomas is believed to provide a significant amount of disease stabilization and may yield an improved responsiveness to ionizing radiation due to improved tumor oxygenation, but there is some debate on the benefit to this additional therapy. 54, 56 Results of a Phase II trial by Lou et al. 54 in 41 patients with unresectable glioblastomas treated with temozolomide plus bevacizumab at the time of diagnosis supports the theory that bevacizumab provides added benefit to this patient population ( Table 1) . Results of PFS appear promising, indicating a median PFS of 5.6 months in this study in which all of the cases were unresectable glioblastomas, 54 an improvement from 4.6 months and 3.7 months in studies with 54% and 91.4% unresectable glioblastomas, respectively. 35, 52 Median survival was 11.7 months in this study, which initially appears beneficial compared with median survival in previous studies of 7.9 months with radiation therapy alone, 77 5.7 months for temozolomide alone, 35 and 9.4 months for temozolomide plus radiation therapy. 77 However, the subsequent Phase II trial TEMAVIR (TEMozolomideAVastinIRinotecan) yielded contradictory results, indicating no additional benefit of bevacizumab plus irinotecan for unresectable glioblastoma compared with standard therapy with temozolomide plus radiation. Results showed improved 6-month PFS and median PFS, but overall survival was comparable between the 2 groups (Table 1) , leading the authors to suggest that further evaluation of bevacizumab plus irinotecan as neo-adjuvant and adjuvant therapy to traditional temozolomide and radiation therapy is not warranted in the population with unresectable glioblastoma. The median overall survival of 11.1 months in both arms of the TEMAVIR study are comparable to the seemingly beneficial 11.7 months in the study of Lou et al., 54 suggesting that additional studies are warranted to determine the benefit of the addition of bevacizumab in the population with unresectable glioblastoma.
Adverse Effects of Bevacizumab in Glioblastoma and Their Neurosurgical Implications
Treatment with bevacizumab has been associated with a number of side effects. For example, in the 2009 monotherapy trial of Kreisl et al., these side effects included fatigue (45%), headache (37%), hypertension (30%), nose bleeds (19%), proteinuria (5%), arterial thromboembolism (5%), venous thromboembolism (4%), impaired craniotomy wound healing (2%), and intracranial hemorrhage (2%). 49 Given these side effects, patients should be risk profiled by screening for hypertension and hyperlipidemia prior to initiating therapy with bevacizumab. 18 VEGF normally lowers blood pressure by phosphorylating endothelial nitric oxide synthase, thereby reducing plasminogen activator inhibitor-1 expression. Inhibition of this pathway during bevacizumab-induced VEGF blockade leads to the hypertension associated with the drug. 45 Because of this mechanism, angiotensin converting enzyme (ACE) inhibitors are often effective in treating bevacizumab-induced hypertension. 45 Patients currently undergoing bevacizumab treatment should be monitored for intracranial hemorrhage, bowel perforation, cardiac failure, wound dehiscence, and stroke, as all of these are indications for discontinuing bevacizumab therapy. 14 The wound healing complications reported by Kreisl et al. and others were further investigated by Clark et al. in a retrospective study in which preoperative treatment with bevacizumab in 23 patients led to higher rates of wound healing complications when compared with a group of 168 patients who did not receive bevacizumab (35% vs 10%, respectively; p = 0.004). 20 Wound healing complica- tions included infection, dehiscence, CSF leakage, pseudomeningocele formation, or osteomyelitis. This study, however, observed no significant difference in wound healing in patients treated with bevacizumab postoperatively. 20 Interestingly, this study also reported higher rates of perioperative seizure in patients who were receiving bevacizumab preoperatively compared with those who were bevacizumab-naïve at the time of surgery. 20 The combination of increased perioperative seizures and wound healing complications made the overall morbidity higher in patients receiving preoperative bevacizumab than patients who never received bevacizumab or patients who received bevacizumab postoperatively. 20 Clark et al. concluded by recommending cessation of bevacizumab therapy for at least 4 weeks prior to surgery and accepting the risk of complications for patients in whom surgery cannot wait, but ideally waiting 6 weeks if possible, and not starting or restarting bevacizumab until 4 weeks postoperatively or longer for slower-healing craniotomy wounds. 20 Several studies have suggested that bevacizumab may exert different side effects when used in combination with other agents compared with monotherapy. In one of the Phase III trials in newly diagnosed glioblastoma, the addition of bevacizumab to the Stupp protocol (radiation plus temozolomide) at diagnosis increased the incidences of thrombocytopenia and neutropenia during the chemoradiation therapy phase (10.2% and 7.3%, respectively) relative to patients receiving the Stupp protocol alone (7.7% and 3.7%, respectively). 36 During the maintenance phase, the following side effects occurred at a higher rate with bevacizumab combined with radiation and temozolomide at diagnosis, compared with the Stupp protocol alone: fatigue (13.1% vs 9.0%), neutropenia (10.0% vs 5.1%), thromboembolic disease (7.7% vs 4.7%), hypertension (4.2% vs 0.9%), wound dehiscence (1.5% vs 0.9%), serious hemorrhage (1.5% vs 0.9%), and visceral perforation (1.2% vs 0.4%). 36 Hypertension appears more commonly with monotherapy than with studies using combination therapy, while thromboembolic events occur more commonly with combination therapy than with monotherapy. 15 There have been concerns of rebound recurrence upon the discontinuation of bevacizumab therapy, such as when side effects occur. Through a retrospective analysis of 82 patients with glioblastoma who received bevacizumab therapy for at least 6 months, it was determined that if the drug was stopped for reasons other than tumor progression, they were not at increased risk of rebound recurrence or worse PFS. 3 In fact, patients whose bevacizumab was stopped for reasons other than progression had improved median PFS and 6-month PFS after salvage therapy (23 weeks and 47%, respectively), compared with patients who discontinued bevacizumab for tumor progression and underwent salvage therapy (9 weeks and 5%, respectively). 3 Rebound recurrence is thus not a considerable risk in patients who discontinue bevacizumab therapy for reasons other than tumor progression.
Scientific Studies of Bevacizumab Delivery and Resistance in Glioblastoma
To improve the efficacy of bevacizumab in glioblastoma, several researchers have looked into how the drug is delivered. First, the way in which the drug is dosed emerged from the notion that the maximum tolerable dose may also be the most effective dose. But this notion, which was developed with the use of DNA-damaging chemotherapy, may not be applicable to antiangiogenic therapy, as suggested by a meta-analysis of recurrent glioblastoma studies that could not detect a difference in efficacy between 5 mg/kg versus 10 mg/kg of bevacizumab dosed every 2 weeks. 87 Second, some investigators have looked into intraarterial delivery of bevacizumab as a way of improving intratumoral uptake of the drug and reducing systemic side effects. 12 Third, others have investigated the creation of liposomal-encapsulated bevacizumab as a way of prolonging the residency of bevacizumab in target tissue, although this approach has yet to be tried in glioblastoma. 1 Unfortunately the response of patients with glioblastoma to bevacizumab may be short-lived, and these patients may experience disease progression while receiving bevacizumab, at rates approaching 40%. 79 In some studies, as many as half of the glioblastomas progressing during bevacizumab treatment have exhibited significant FLAIR bright nonenhancing imaging changes, and these glioblastomas have been proven to contain infiltrating tumor cells (Fig. 1) . 27 This pattern of progression has led to an effort to revise definitions of progression in clinical trials and practice, as put forth by the RANO working group. 83 Genes associated with this nonenhancing tumor progression after bevacizumab therapy are known to promote migration through the extracellular matrix and include integrin a5 (ITGA5), fibronectin 1 (FN1), neurotrophin 3 (NTF3), PDGFRβ, and CXCL12. 27 The ability of glioblastoma to progress during bevacizumab treatment suggests that the tumor may have the ability to adapt and fuel its blood supply without using VEGF-A, the member of the VEGF family that bevacizumab directly targets. Proposed mechanisms for this adaptive resistance include upregulation of alternative proangiogenic pathways mediated by factors such as basic fibroblast growth factor, recruitment of bone marrowderived cells, increased invasion of surrounding brain, and alteration of vascular architecture. 13, 27, 45, 46 While the specificity of bevacizumab for VEGF-A has been the basis for the suggestion that upregulation of other VEGF isoforms (such as VEGF-B, VEGF-C, or VEGF-D) could compensate for VEGF-A blockade induced by bevacizumab, no data have suggested upregulation of these factors and they are not as potent at mediating angiogenesis as VEGF-A. Reported changes in bevacizumab-resistant glioblastomas that have shed light on specific mediators of bevacizumab resistance include increased expression and/or activation of invasion-mediating b1-integrin, 13 invasion-mediating receptor tyrosine kinase c-Met, 46 mediators of hypoxia-induced autophagy such as BNIP3, 44 and signal transducer and activator of transcription 3 (STAT3), a downstream mediator of signaling from many of these factors. 25 Bevacizumab-resistant glioblastomas have a particularly poor prognosis. 21 Given the aggressive nature of glioblastomas, once they become resistant to beva-cizumab, identifying radiological or serum biomarkers predicting resistance before it becomes entrenched will be particularly important. 45 Along those lines, biomarkers predicting strong responders to bevacizumab will also be important to identify, as there are numerous examples of dramatic response of recurrent glioblastoma to bevacizumab treatment (Fig. 1) . Examples of biomarkers that have been investigated in clinical studies of patients with glioblastoma include VEGF, CA9, Ktrans, and microvessel density, all of which have been shown to predict response to bevacizumab, while diffusion-weighted MR imaging has been studied as a biomarker of bevacizumab resistance. 45 Identification of these biomarkers is particularly important because of the high cost of bevacizumab treatment (which can approach $100,000 a year). 71 This provides an added level of importance to avoiding an expensive treatment that may never be effective for a particular tumor or being able to stop treatment in a timely fashion once efficacy is unlikely to continue and increased tumor aggressiveness may be about to occur in the face of continued treatment. The National Institute for Health and Clinical Excellence in the United Kingdom no longer pays for several antiangiogenic agents approved in the US because of the high cost to benefit ratio.
74
Identifying and Treating Bevacizumab Progression in Glioblastoma
In addition to the need to use RANO criteria to evaluate radiological progression during bevacizumab treatment, it is important to be aware of the multiple patterns of progression that can occur during bevacizumab treatment, which have been described by Pope and colleagues as local, distant, diffuse, or multifocal. 64 The median overall survival of patients with glioblastomas after progression during bevacizumab therapy is 3.8 months. 55 These patients can undergo additional surgical debulking therapy, but given that progression after bevacizumab therapy is often nonenhancing and/or disseminated, this may not always be a feasible option. 10, 27 Some investigators have looked at repeat radiation therapy as a treatment option for patients with glioblastoma who experience tumor progression while receiving bevacizumab. Repeat fractionated radiation therapy is a well-tolerated, feasible option for large volume recurrences not amenable to stereotactic radiosurgery. In one study, large-volume repeat fractionated radiation therapy was performed on 23 patients, initiated within 7-14 days of bevacizumab failure, and given with 2 cycles of concurrent bevacizumab therapy. Results from this study indicated an improved median overall survival and 6-month overall survival of 6.9 months and 65%, respectively. 55 NovoTTF-100A is a noninvasive mechanism using surface electrodes to deliver dynamic electric wavelike fields, called tumor treating fields (TTFs), to the tumor to slow or stop recurrent tumor cells from dividing. 41 In a cohort of 43 patients, use of NovoTTF-100A after bevacizumab failure led to improved outcomes, with a median overall survival of 3.1 months in the chemotherapy arm, compared with 6.3 months in the NovoTTF-100A arm. 67 Despite strong preclinical evidence supporting a role for c-Met in bevacizumab resistance, the c-Met inhibitor XL184 proved particularly ineffective against glioblastomas that previously progressed during bevacizumab treatment in a Phase II clinical trial. 82 In a retrospective analysis of 5 Phase II trials, 55 patients who received continuous bevacizumab after initial failure of the drug had improved median overall survival of 5.9 months and 6-month PFS of 49.2% compared with patients who received treatment with other salvage chemotherapies (median overall survival 4 months and 6-month PFS of 29.5%, p = 0.014), and those who received palliative care only (median survival 1.5 months). 68 This study indicated that bevacizumab continuation was an independent prognostic factor of improved overall survival and supported the counterintuitive notion that continued treatment with the agent after signs of radiological progression might be a viable option for these patients. The authors of this study suggested that cessation of bevacizumab secondary to tumor progression is more likely to lead to diffuse, distant, or multifocal patterns of tumor progression, as opposed to the local trends observed in patients whose therapy is discontinued for other reasons such as side effects.
3 Further study will be needed to determine the validity of this approach.
Relative to the median overall survival of 3.8 months after progression during bevacizumab therapy, deduced from a large cohort of patients participating in 16 Phase II trials (n = 995), 55 large-volume repeat radiation therapy for bevacizumab-resistant glioblastoma improved this median overall survival by 3.1 months, 55 NovoTTF-100A by 2.5 months, 67 and bevacizumab continuation by 2.1 months, 68 while no benefit was observed with the cMet inhibitor XL184 or other salvage chemotherapeutic agents. 55, 82 In addition, repeat radiation may have considerable cost-benefit when compared with NovoTTF-100A, which is anticipated to cost $10,000-$15,000 per month. 55 Additional studies are warranted to determine the optimal treatment for patients exhibiting progression of glioblastoma during bevacizumab treatment.
Bevacizumab Treatment in Glioblastoma: Current Clinical Indications
At present, the results of the recent Phase III trials in newly diagnosed glioblastoma have called into question the clinical indications for bevacizumab in glioblastoma treatment. For now, the accelerated FDA approval for bevacizumab in the treatment of recurrent glioblastoma remains, with ongoing randomized trials for recurrent glioblastoma in Europe likely to shed light on this indication in the near future. In the recurrent setting, bevacizumab can be used as monotherapy or in combination with other chemotherapy, irinotecan in particular (Table  2 ). We also know that deferred use of bevacizumab does not diminish efficacy in patients with glioblastoma, indicating that the drug can be considered at any point in the course of disease progression. 63 In a recent study, overall survival and PFS after bevacizumab initiation was similar whether treatment was begun after the first, second, or third recurrence. 63 These findings are supported by previous studies, which collectively have reported median overall survival ranges after bevacizumab initiation to be 8.4-9.1 months when used after first recurrence and 7-9.3 months when used after second recurrence. 33, 49, 63 Patients with glioblastoma receiving bevacizumab treatment have been successfully managed on reduced doses of dexamethasone, possibly due to the reduction in cerebral edema noted in these patients. 49 Lower dosages of concurrent corticosteroid usage are also recommended, given that response rates to bevacizumab are lowered by the drug. 33, 60 Younger patients tend to have more favorable outcomes (PFS and overall survival) and lower potential for suffering adverse consequences from side effects and may therefore be more optimal candidates for bevacizumab treatment. 
The Future of Bevacizumab for Glioblastoma Treatment
The recently completed Phase III trials suggest that bevacizumab should not be incorporated into the Stupp protocol at the time of diagnosis. Definitive evidence for the role of the drug in treating recurrent glioblastoma will emerge upon completion of a large randomized clinical trial currently underway in Europe (clinicaltrials.gov no. NCT01290939). Verification of efficacy in the recurrent setting would likely lead to increasing use of the drug for recurrent glioblastoma, while lack of efficacy in a randomized trial for recurrent glioblastomas will increase the importance of identifying biomarkers for response and resistance so that appropriate candidates for treatment can continue to be identified. For now, patients with glioblastoma who are receiving bevacizumab treatment should continue to be monitored closely for treatmentrelated morbidity and radiological changes, with a low threshold for changing treatments early when imaging changes emerge. Neurosurgeons operating on patients who develop bevacizumab resistance should be cautious of the risk of wound healing complications, including possible consideration of obtaining assistance from a plastic surgeon with closing these wounds.
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Bevacizumab therapy can be initiated early or late in tumor recurrence, with similar efficacy.
63
Administration
The recommended dose and schedule of single-agent bevacizumab in patients with recurrent glioblastoma is currently under review with 10 mg/kg intravenously every 2 weeks until disease progression or unacceptable toxicity being the historically used regimen, but recent studies showing comparable efficacy with 5 mg/kg.
87
Concomitant treatment Bevacizumab can be used as monotherapy or in combination, with irinotecan as the agent producing the best results when combined with bevacizumab. 14, 34, 78 Lower doses of concurrent corticosteroids are recommended to improve response rates of bevacizumab. 33, 60 Safety considerations Patients with intracranial hemorrhage on imaging are not candidates for bevacizumab therapy. 79 Prior to initiating therapy, patient risk for hypertension and hyperlipidemia should be assessed. 49 Bevacizumab-based therapy should be suspended for at least 4 weeks prior to surgery and not restarted until the wound has completely healed (typically 4 weeks).
20
Bevacizumab treatment should be discontinued for specific severe adverse events, including intracranial hemorrhage, bowel perforation, cardiac failure, wound dehiscence, and stroke.
